The present study reports the use of swift heavy ion irradiation as a means to tailor the hardness of chromium nanorod coatings. Arrays of slanted and straight Cr nanorods, 1 -2 m long and 300-500 nm in diameter, were grown by dc magnetron sputter glancing angle deposition on Si͑100͒ substrates patterned with 500 nm diameter polystyrene spheres. The samples were irradiated with 100 MeV Ag +8 ions at three different fluence values of 10 13 , 5ϫ 10 13 , and 10 14 ions/ cm 2 , while maintaining the samples at 80 K temperature. The as-deposited samples exhibit a fibrous structure that smoothens after irradiation. Nanoindentation tests performed on these samples reveal that the hardness of the nanorods increases with fluence. For slanted nanorods, the samples irradiated at maximum fluence show an almost 300% increase in hardness as compared to their pristine counterparts. The corresponding increase in the case of straight nanorods was observed to be 77%. This fluence-dependent hardness in Cr nanorods is explained in terms of an ion-irradiation induced defect formation and a decrease in the grain size, as confirmed by glancing angle x-ray diffraction.
I. INTRODUCTION
The unification of electrical and mechanical expertises at the submicron scale has led to nano/microelectromechanical systems ͑N/MEMS͒. 1 Size miniaturization and enhanced performance are the key motivations in the ongoing research in these fields. The areas of thin films and nanolaminated coatings are, thus, increasingly being explored due to their wide range of applications in microelectronics, NEMS, and optoelectronics. The surface and near-surface properties of thin films and nanolaminated coatings influence the overall performance of thin films and nanostructured materials rendering their characterization important. Mechanical properties, in particular, control the durability, wear tear, fracture toughness, and reliability of the devices and/or their protective coatings. Therefore, techniques such as nanoindentation are required to quantitatively determine such properties at submicron scales. 2, 3 Moreover, improving the mechanical properties of such structures by post-deposition treatments is both challenging and an exciting field for research, and is addressed in the present study.
In the last decade, glancing angle deposition ͑GLAD͒ has emerged as one of the techniques to engineer structures at submicron length scales, yielding unique new materials and device properties. [4] [5] [6] During GLAD, the vapor flux is incident on the substrate at grazing angles. By controllably rotating the substrate with respect to the incident flux, the shape and microstructure of the thin films can be sculpted during growth. The controlled substrate rotation can lead to tilted, chevronlike, helical, and straight nanostructures including vertical rods, [7] [8] [9] zigzags, 10 spirals, 11, 12 and Y shapes. 13 Structures grown by GLAD usually have columnar growth, due to shadowing and limited surface diffusion of deposited atoms, and have been shown to exhibit unique properties. For instance, thin columnar films of Cr nanorods have been demonstrated to work as pressure sensors, 14 ZnO nanowires as nanogenerators, 15 and Si nanosprings coated by Co as electromechanical actuators.
11 Although a few studies discuss the mechanical properties of Cr thin films/nanostructures, 16, 17 there have been limited studies on the influence of post-deposition treatment on mechanical properties of nanostructures. For instance, the effect of Ar + ion irradiation on the microstructure of columnar Cr thin films has been studied in the low energy ͑0.5-20 keV͒ range during deposition. 18 Hones et al. report that the hardness of CrO x thin films grown in a mixed Ar and O 2 atmosphere increases with oxygen partial pressure, reaches a maximum when 15%-25% oxygen is present in the sputtering gas, and thereafter decreases. 19 The conventional post-deposition methods for tailoring the mechanical properties of materials include heat treatment, low energy ion implantation, low energy ion irradiation, and swift heavy ion irradiation. Of these, the method of ion implantation involves deliberate addition of impurity atoms and may not be desirable from an application point of view. Nonetheless, implantation has been employed successfully to modify the mechanical properties of materials. It has been shown that implantation of 60 keV Cu − ions reduces the hardness of MgAl 2 O 4 single crystal wafers. 20 On the other hand, Devanathan et al. have reported that the hardness a͒ Electronic mail: jpsingh@physics.iitd.ac.in and Young's modulus of single crystal MgAl 2 O 4 wafers can be varied by irradiating the wafers with 400 keV Xe 2+ ions at 100 K. 21 The effect of ion beam irradiation on the mechanical properties of materials in the high energy range has also been reported. Nakao et al. discuss the effect of 2 MeV Si + ions on the microstructure and mechanical properties of alumina films. 22 Swift heavy ion irradiation has been utilized to increase the hardness of Cr films grown on SS304 substrates by irradiating them with 75 MeV Ni +5 ions at ambient temperature. 23 The spring-constant and Young's modulus values of Si nanorods are reported to decrease as a result of swift heavy ion irradiation. 24 In the present work, swift heavy ion irradiation is employed to modify the mechanical properties of Cr nanorods. This post-deposition treatment is done at ion energies that do not result in implantation. Nevertheless, the ions induce defects in Cr nanorods leading to a dramatic, up to fourfold increase in the measured hardness.
II. EXPERIMENTAL DETAILS
Silicon͑100͒ substrates, cleaned and patterned using 500 nm diameter polystyrene spheres, were used for depositing Cr nanorod coatings. The polystyrene spheres selfassemble in hexagonal close-packed monolayers on the substrate and serve as nucleation sites for the subsequent growth of the nanorods. 25 The Cr nanorod coatings were grown by dc magnetron sputter glancing angle deposition. The deposition was carried out at 1.5 mTorr using 99.999% pure Ar as the sputtering gas. A Cr target ͑99.95% pure͒ was positioned at 10 cm from the substrate surface. No external substrate heating was employed during growth and the sputtering was carried out at a constant power of 750 W.
Three sets of samples ͑I, II, and III͒ differing in their geometries and dimensions were grown. Samples I and II consist of 2 m long slanted nanorods making an angle of about 20°from the vertical and measuring 400 and 300 nm diameters, respectively. Sample III consists of straight nanorods, 1 m in length and measuring 500 nm in diameter. The dimensions of the nanorods mentioned above were determined from surface micrographs acquired by a JEOL JSM6335 field emission scanning electron microscope ͑SEM͒ operated at 5 kV with an emission current of 12 A.
For irradiation, the electronic ͑S e ͒ and nuclear ͑S n ͒ energy losses for 100 MeV Ag ions in a Cr matrix were predetermined by Stopping Range of Ions in Matter ͑SRIM͒ which is a Monte Carlo based simulation. 26 The Cr nanorods were irradiated with 100 MeV Ag +8 ions at three different fluences ͑10 13 , 5ϫ 10 13 , and 10 14 ions/ cm 2 ͒ in a 15 MV pelletron accelerator at Inter University Accelerator Centre, New Delhi. For this purpose, the samples were mounted on a liquid nitrogen ͑LN 2 ͒ cooled ladder that comprised of a hollow copper block at one of its ends, and in which the level of liquid nitrogen was maintained during irradiation. Identical samples taken from each set I, II, and III were termed as "B," "C," and "D" in the increasing order of fluence while "A" being reserved for pristine samples. The samples IA, IIA, and IIIA were mounted on the topmost part of the LN 2 ladder to serve as pristine sample for the three sets and to maintain all the samples ͑i.e., A, B, C, and D͒ under identical conditions. A contact was made at the corners of the samples using silver paste to avoid charging of the samples during irradiation and to provide an electrical path for the accumulated charge to flow.
The nanohardness of the Cr nanorods was tested by a diamond Berkovich-type tip attached in an atomic force microscope ͑AFM͒ ͑NanoScope IVa, Veeco-DI, NY͒. The spring constant of the cantilever used for indentation experiments was 242 N / m. The sensitivity of the diamond tip was calibrated prior to nanoindentation experiments. The diamond tip was first indented on a sapphire sample at a small loading force. The slope of the corresponding deflectiondistance plot was used to set the sensitivity for further experiments. After calibration, the loading force was optimized for the nanoindentation experiments. Starting from a low value, the load was increased in steps until indent marks were visible in the nanorods. This load was then used for subsequent indentations. Five indents per sample were made at the same load to determine the hardness.
Structural characterization of the nanorods was carried out using glancing angle x-ray diffraction ͑GAXRD͒ equipped with Cu K␣ radiation source using a Philips X'pert PRO system. The diffractograms were recorded at a step size of 0.01°and a counting time of 2 s at each step. Glancing angle was maintained at 0.5°to reduce influence from the substrate. The grain sizes were computed from the full width at half maximum ͑FWHM͒ of the strongest Cr͑110͒ peak. In the following sections, the results of surface morphology, nanoindentation, and GAXRD studies are presented for the Cr nanorod samples.
III. RESULTS AND DISCUSSION
As already mentioned, the nanorods were grown over polystyrene spheres that act as nucleation sites for the subsequent growth of nanorods. The as-deposited Cr nanorod coatings exhibit fibrous structures. Figure 1 shows a SEM micrograph of sample IIIA where the fibrous growth can be clearly seen. Interestingly, the nanorods do not grow as a single column but seem to be a collection of fibers that coalesce and grow together in the form of a nanorod bundle over the polystyrene spheres. Smoothening of this fibrous growth is observed on irradiating the Cr nanorods by 100 MeV Ag +8 ions, as shown in Figs. 2͑a͒ and 2͑b͒ . By comparing the SEM micrographs of pristine and irradiated samples, it is observed that the average length of the nanorods does not change appreciably. However, the difference in the densities of Cr nanorods as apparent from Figs. 2͑a͒ and 2͑b͒ is due to patterning faults and does not result from ion irradiation.
At 100 MeV energy, the range of Ag ions in Cr is 6.4 m. Thus, for nanorods of 1 -2 m lengths, the probability of implantation is negligible. It is mentioned that during irradiation, the samples were maintained at 80 K temperature in order to freeze the defects generated during ion irradiation. During irradiation, an energetic ion loses its energy as it passes through a target material, and the interaction between them depends on the incident energy, i.e., whether it is in keV or MeV range. In the high energy ͑few hundreds of MeV͒ range, the electronic energy losses ͑S e ͒ due to inelastic collision of incident ions with the electrons of the target dominate, whereas in the low energy ͑ϳkeV͒ range, the nuclear energy losses ͑S n ͒ due to their elastic collision with the atoms of the target producing lattice damage are dominant. The variation of S e and S n with depth in Cr matrix for 100 MeV Ag ions is shown in Fig. 3 . The S e / S n ratio for 100 MeV Ag ions was determined to be ϳ180 by SRIM, suggesting that the defects created within the Cr matrix are almost exclusively due to electronic energy losses. The two blue dotted lines at depths of 1 and 2 m indicate the respective lengths of the straight and slanted nanorods investigated in the present work.
In general, the effect of swift heavy ions on metallic systems causes ionization of the target atoms along the trajectory of the incident ions. At 100 MeV ion energy, it is difficult to create permanent defect zones ͑tracks͒ in metallic systems. 27 The ionization caused by the incident ion along its trajectory within the target and in its wake field is quickly neutralized by the high density of free electrons that exist in metals. The time taken by the incident ions to transfer their energy to the electronic subsystem is of the order of 10 −15 s. Due to strong electron-phonon coupling in the case of transition metals, the electrons transfer their energies to the phonons in ϳ10 −13 s. 28 Once the energy is transferred to the atomic subsystem, it is possible for the atoms to migrate from their positions. Thus, irradiation with few hundreds of MeV ions is unlikely to yield permanent damage zones in metallic systems; however, defects may be created. This may alter the grain boundaries 23 and result in modifying the mechanical properties. This aspect is discussed later with the results from glancing angle x-ray diffraction of the Cr nanorods as a function of the fluence. The effect of swift heavy ion irradiation on the nanohardness of the Cr nanorods as determined by nanoindentation is now discussed. FIG. 3. Variation of S e and S n with depth for 100 MeV Ag +8 ions in Cr matrix as determined by SRIM. Ratio of S e / S n is ϳ180. Thus, the defects can be considered to be due to electronic energy losses only. The two blue lines at 1 and 2 m indicate the length of the straight and slanted nanorods, respectively.
The nanohardness values reported in this work are an average calculated from five indentations made on each sample. During indentation, starting from zero load ͑P͒, the load is increased in steps until a predetermined value of P max is reached, after which the load is decreased in steps to zero. Figure 4 is a typical force-penetration curve showing the complete cycle of loading and unloading for sample IA. The loading and unloading curves shown here do not overlap each other, implying that the material has deformed plastically by some amount. The hardness of any material is its resistance toward plastic deformation and has been defined on many scales. The Meyer hardness that takes into account the indenter geometry is defined as the ratio of P max to the projected area of contact ͑A c ͒. Depending on the indenter geometry, the projected area of contact varies with contact depth ͑h c ͒. 29 The contact depth is also the indentation depth of the indent mark made by the indenter. For a Berkovich indenter, the tip has a trigonal base on which three triangular faces meet at a vertex. The Berkovich tip used in the present experiments had an apex angle of 60°r endering the tip shape as a regular tetrahedron. The projected area of contact for the Berkovich-type tip is, thus, given by the area of the trigonal base of the indenter. Therefore, A c is given as ͑ ͱ 3 / 4͒a 2 , where "a" is the side of the regular tetrahedron. Figure 5 depicts an AFM micrograph where a region with three indent marks has been encircled for clarity. Since the indent marks were not always visible after indenting the nanorods, the nanohardness values have been calculated from the unloading part of the forcepenetration curves following the method of Doerner and Nix. 30 The method assumes that when the load is removed, the initial recovery in the material is elastic in nature. The slope of the unloading curve at maximum load is extrapolated to meet the penetration axis from where h c is determined as h c = h max − P max / S, where S is the slope of the unloading curve at maximum load. For the Berkovich-type indenter, h c = ͱ 2 / 3a. Hence, A c =3 ͱ 3h c 2 / 8. Knowing A c , the hardness can be calculated. The hardness values calculated from the nanoindentation results show an increasing trend with fluence for all the samples, as shown in Figure 6 . Comparing the hardness at maximum fluence with respect to pristine samples, there is a fourfold increase in the case of slanted nanorods and twofold increase in the case of straight nanorods. In addition, varying the fluence by an order of magnitude increases the hardness by almost 50% in the case of slanted nanorods and about 8% in the case of straight nanorods. The results confirm that it is difficult to plastically deform the irradiated nanorods due to their increased hardness. The nanohardness values for the pristine straight nanorods are ϳ2.5 times higher than those for the slanted nanorods at the same load. Since the maximum penetration depths for all the samples are within 7% of the total film thickness, the substrate effects are not expected to be present in the hardness values. 31 The GAXRD patterns for all the sets of samples show the presence of a Bragg peak at 2 value of 44°corresponding to Cr͑110͒. Figure 7 shows a representative glancing angle x-ray diffractogram for sample III. The FWHM values for the three sets show an overall increasing trend with fluence. In particular, the FWHM observed for samples IA-ID, IIA-IID, and IIIA-IIID are observed to vary from 0.37°to 0.90°, from 0.46°to 0.58°, and from 0.39°to 0.58°for IIIA and IIID, respectively. The observed broadening may be due to defect formation and/or decrease in the grain size of irradiated Cr nanorods. SRIM simulations show that 100 MeV Ag ions produce 2890 vacancies per incident ion in the Cr matrix. Assuming that this causes strain broadening in the FWHM values reported above, it is expected that a comparison of the calculated lattice parameters of B, C, and D samples for Cr͑110͒ peak would reflect a significant change as compared to sample A for each set. The calculations, however, show a change of less than 0.04%, implying that strain broadening can be safely neglected. Thus, assuming that the broadening is solely due to decreasing grain sizes, changes in the grain sizes have been computed using the Scherrer formula given as t = 0.9 / ␤ cos , where t is the grain size, is the Cu K␣ radiation wavelength ͑1.54 Å͒, ␤ is the FWHM in radians, and 2 is the value at which the diffraction peak is observed. The grain sizes computed from Cr͑110͒ peaks for the samples indicate that the grains become smaller in size with increasing fluence. The estimated grain size for samples IA-ID, IIA-IID, and IIIA-IIID have been calculated to reduce from 23 to 9, from 19 to 15, and from 21 to 14 nm, respectively. The grain size reduction on irradiation for both slanted and straight nanorods suggests a significant change in their microstructure and can be associated with modification in the grain boundaries.
We now discuss the possible mechanisms responsible for the observed hardening of the nanorods. The swift heavy ion irradiation of materials is known to create defects in the material. Depending on the target material, the defects can be permanent or can anneal out after irradiation. Different models have been proposed to explain the effect of ion irradiation on the three broad classes of materials, viz., metal, semiconductors, and insulators. Whereas it is easy to create defects in insulators and semiconductors, it is extremely difficult to create damage zones in metallic systems at energies of a few hundred MeV. However, permanent defect zones ͑tracks͒ in metals have been observed at MeV irradiation by fullerenes or in the GeV range. 32, 33 The irradiation of Cr nanorods by 100 MeV Ag +8 ions in the present work implies that tracks are not possible in the Cr nanorods. Therefore, S e is unlikely to produce structural modification in Cr metal. However, the grain boundaries can serve as sites where the localization of energy transferred through S e is possible. Therefore, the grain boundaries may alter during the irradiation resulting in grain structure refinement. As a result, the total surface area of the grains increases significantly, impeding the motion of dislocations. The situation can be viewed as the strengthening of the nanorods by grain size reduction. 
IV. CONCLUSIONS
Arrays of slanted and straight Cr nanorods were grown by dc magnetron sputter glancing angle deposition on patterned Si͑100͒ substrates. The nanorods were subjected to 100 MeV Ag +8 ions irradiation at different fluences at liquid nitrogen temperature. Nanoindentation shows that the hardness of the slanted Cr nanorods increases by ϳ300% for the maximum fluence value of 10 14 ions/ cm 2 . For straight nanorods, this increase is 77%. The fluence-dependent hardness in these Cr rods is explained in terms of ion-irradiation induced defect formation that leads to finer grain sizes in irradiated samples. These fine grains aid in the pinning of dislocations, which is particularly effective due to the nanoscale dimensions of the Cr rods. Thus, swift heavy ion irradiation can be employed to effectively tailor the hardness of the nanostructures by exploring the possibilities of different ion energies, fluences, and incident ions.
